Two dimensional superlattices of epitaxially connected quantum dots enable sizequantization effects to be combined with high charge carrier mobilities, an essential prerequisite for highly performing QD devices based on charge transport. Here, we
demonstrate that surface active additives known to restore nanocrystal stoichiometry can trigger the formation of epitaxial superlattices of PbSe and PbS quantum dots.
More specifically, we show that both chalcogen-adding (sodium sulfide) and lead oleate displacing (amines) additives induce small area epitaxial superlattices of PbSe quantum dots. In the latter case, the amine basicity is a sensitive handle to tune the superlattice symmetry, with strong and weak bases yielding pseudo-hexagonal or quasi-square lattices, respectively. Through density functional theory calculations and in-situ titrations monitored by nuclear magnetic resonance spectroscopy, we link this observation to the concomitantly different coordination enthalpy and ligand displacement potency of the amine. Next to that, an initial ≈ 10% reduction of the initial ligand density prior to monolayer formation and addition of a mild, lead oleate displacing chemical trigger such as aniline proved key to induce square superlattices with long range, μm 2 order; an effect that is the more pronounced the larger the quantum dots. As the approach applies to PbS quantum dots as well, we conclude that it offers a reproducible and rational method for the formation of highly ordered epitaxial quantum dot superlattices.
Colloidal nanocrystals made by highly precise synthesis methods such as hot injection have been widely used as building blocks of self-assembled nanocrystal superlattices. [1] [2] [3] [4] [5] Especially in the case of semiconductor nanocrystals or quantum dots (QDs), formation of highly involved binary or ternary superstructures has been demonstrated, 6-10 the symmetry of which could be rationalized using hard sphere crystallization theory. [10] [11] [12] [13] Whereas this provides ample possibilities to combine different nanocrystals in a single, ordered crystal, only few studies have shown such an approach to result in metamaterials with new or enhanced properties. [14] [15] [16] For one thing, this is due to the use of nanocrystal building blocks capped by long, organic ligands, which inevitably leads to electrically insulating nanocrystal solids. Therefore, opto-electronic devices such as transistors, [17] [18] [19] solar cells [20] [21] [22] [23] or photodetectors, [24] [25] [26] are based on disordered QD solids, where the interparticle distance is usually decreased by exchanging the long organic ligands with shorter organic or inor-ganic moieties. [27] [28] [29] [30] [31] Although this makes for QD devices with ever increasing performance, carrier mobilities remain well below 10 cm 2 V −1 s −1 and the approach leaves no room for any symmetry-induced collective effects. 15, 32, 33 Recently, it was shown that PbSe QDs can be organized into ordered two dimensional (2D) superlattices in which all QDs are epitaxially connected to their nearest neighbors.
34-38
As demonstrated by Evers et al., the strong electronic interdot coupling in such epitaxially connected 2D quantum-dot superlattices -epitaxial superlattices in short -results in carrier mobilities of up to 260 cm 2 V −1 s −1 as deduced from THz conductivity measurements. 39 This increase by two orders of magnitude attests the extensive potential of epitaxial superlattices for QD-optoelectronics. In addition, it proved possible to form epitaxial superlattices with either a square or a hexagonal, honeycomb symmetry. Theoretical investigations have pointed out that especially the honeycomb lattices feature electronic minibands with a unique structure, including a Dirac point in the centre of the miniband formed by the lowest unoccupied states of the connected QDs.
32,40,41
Until now, the formation of 2D epitaxially connected QD superlattices has involved a meticulous procedure, where dropcasting QDs on a liquid ethylene glycol subphase results in epitaxial superlattices only in the case of specifically synthesized and purified PbSe QDs.
Lacking an experimental rationale, such an approach seems prone to reproducibility and generalization issues that will slow down research on the properties and the eventual utilization of epitaxial superlattices. The development of more targeted formation protocols is bound to follow from an in-depth understanding of the surface chemistry of the nanocrystals to be connected. Most relevant in this respect is the finding that PbS and PbSe QDs synthesized using hot injection schemes tend to be cation rich, stabilized by X-type ligands such as oleates or hydroxides. [45] [46] [47] Since such surface termination precludes the formation of epitaxial connections between neighboring nanocrystals, restoring stoichiometry seems a key step to achieve control over epitaxial superlattices formation. A few studies on PbS ing on amine addition, we find that less basic additives such as pyridine or aniline markedly promote the formation of cubic superstructures, where long range order can be imposed by a selective stripping of the lead oleate ligands prior to the initial monolayer formation.
We link these observations to aniline and pyridine being weaker ligand displacing agents, as confirmed by density functional theory, and we underscore the general character of the approach developed here by not only demonstrating the formation of epitaxially connected
PbSe superlattices, but also of PbS epitaxial superlattices by similar methods.
Results and Discussion

Chemical Triggers for Quantum-Dot Epitaxy
PbSe QDs were synthesized by a modification of a previously published approach, based on the injection of tri-octylphosphine-selenide (TOP-Se) into a hot solution of lead oleate under inert atmosphere. QDs made following the same recipe were used in previous stud- ies on epitaxial superlattices of PbSe QDs. 35, 43 During purification however, the QDs were precipitated with acetonitrile instead of methanol as the non-solvent. This prevents spurious ligand stripping during work-up and ensures that QDs with a dense and intact ligand shell were obtained. In first instance, we tested Na 2 S and BuNH 2 as two different model additives to chemically trigger the formation of epitaxial connections between neighboring quantum dots. Sulfide has been introduced before as a metal-free inorganic ligand that can transfer, for example, CdSe nanocrystals from apolar to polar solvents such as DMSO and formamide by an oleatefor-sulfide exchange. 27, 42 In combination with the excess Pb 2+ at the PbSe QD surface, this reaction leads to an additional, stoichiometric PbS layer on top of the PbSe core as shown schematically in Figure 1b . BuNH 2 on the other hand is a Lewis base that was shown to strip entire metal carboxylate units from the surface of CdSe and PbS QDs by the formation of an amine-metal carboxylate complex. 48 As depicted in Figure 1b and increases by ≈ 0.6 nm after Na 2 S addition (see Supporting Information S1). These figures are in line with the minor blue shift and more pronounced red shift of the first exciton peak after these respective treatments, see Figure 2d and Supporting Information S1. In the case of amine addition, we further confirmed this point by elemental analysis using TEM-based energy dispersive X-ray spectroscopy. As shown in the Supporting Information S2, this shows that as compared to untreated films amine-treated superlattices are enriched in Se, a finding fully in line with the idea of a (partial) removal of surface Pb atoms by
As compared to the reference monolayer, the absorption spectra of the superlattices feature an absorption maximum at around 400 nm. Such a behavior is expected for PbSe in the absence of dielectric screening, where this maximum is related to a saddle point in the dispersion relation of PbSe along the Δ direction. 50 In colloidal PbSe QDs, this absorption maximum is not observed since a progressive reduction of the dielectric screening counters the drop in absorbance of bulk PbSe at shorter wavelengths. 51 The presence of this absorbance maximum for epitaxially connected QDs indicates that in terms of dielectric screening, such a superlattice behaves more like a PbSe sheet than like isolated PbSe QDs in a low dielectric host, thereby attaining physical properties in between those of a PbSe thin film and colloidal PbSe QDs.
Amine Basicity and Local Superlattice Symmetry
Although both Na 2 S and BuNH 2 chemically trigger the epitaxial connection of neighboring and (110) facets (see Figure 3b ). The combination of connections through (100) and (110) facets and unconnected facets accounts for the observed long-range hexagonal ordering in the superlattice. Indeed, such an in-plane pattern cannot be formed by connecting truncated octagons through their (100) facets only. Importantly, whereas the QDs are positioned on the lattice points of a 2D hexagonal lattice, no hexagonal crystallographic motif can be discerend and local necking occurs in a random fashion. We will therefore refer to this type of structure as pseudo-hexagonal. Figure S4 , all superlattices formed with a low pK b amine show a pseudo-hexagonal geometry, while the superlattices formed with pyridine -a high pK b amine -feature a more square-like geometry.
We addressed the amine-basicity-effect in more detail by quantitatively monitoring lead oleate displacement by amines using in-situ nuclear magnetic resonance (NMR) spectroscopy.
Focusing on the resonance of the alkene protons of the oleyl chain, 45 Figure 4a shows that upon addition of BuNH 2 , the single broad alkene resonance recorded in the purified PbSe QD dispersion loses intensity whereas a second, shifted and more narrow resonance develops.
Attributing the former to oleate bound to the PbSe QDs and the latter to the released lead 
Large Area Epitaxial Superlattices by Ligand Prestripping
If selective ligand stripping is essential for the formation of square-like superlattices, one could expect the long range order in such superlattices to improve by a partial ligand displacement before forming the initial QD monolayer on ethylene glycol. We therefore treated an initial dispersion of 5.7 nm PbSe QDs with 10 equivalents of BuNH 2 as ligand displacer, an equivalence slightly beyond -as we assume -the first phase of ligand displacement from the (100) surface. After purification, the solution was spread on ethylene glycol and either 1 mL of a 0.1 M BuNH 2 solution or 1 mL of a 1 M PhNH 2 solution was slowly injected. As indicated in Figure 5a , BuNH 2 addition results in a superlattice that consists of a mixture of pseudo-hexagonal and square-like domains. However, even if square-like domains show up, large parts of the superlattice remain hexagonally ordered. PhNH 2 -triggering on the other hand result in an almost exclusively square-like superlattice, see Figure 5b . Moreover, we find that the combined effect of a mild ligand-displacing trigger and gentle predisplacement markedly increases the domain size. For such domains (see Figure 5c ), an analysis of highresolution TEM images yields an average neck width of 2.5 ± 0.05 nm and an average of 3.1 ± 0.08 necks per QD (see Figure S6 for histograms). This last number signifies the amount of epitaxial connections formed with neighboring QDs, which for a square lattice is limited to a maximum of 4 necks per QD. Furthermore, the FFT of high-resolution TEM images not only attests the square symmetry of the lattice but also the overall coherent alignment of the (100) facets of individual PbSe QDs over the entire superlattice (see Figure 5d ).
As argued before, a square-like superlattice may be formed upon triggering superlat-tice formation by a mild ligand displacer as the free space created between adjacent QDs enables steric hindrance between residual oleate ligands to be relaxed. In that case, the larger the QDs, the more organized the square lattice could be since the increased space left between connected QDs offers more room to reduce steric hindrance. Moreover, the shape of PbSe QDs is known to change from quasi-spherical to truncated cubic when their size increases, which can further promote a square-like organization. The influence of the QD size is demonstrated in Figure 6 , which represents TEM images of superlattices formed using 7.8 nm PbSe QDs. In first instance, we spread fully passivated QDs on ethylene glycol and triggered superlattice formation by addition of 1 mL of a 1 M PhNH 2 solution. As shown in Figure 6a , this results in a polycrystalline square-lattice with domain sizes of ≈ 100 nm.
The corresponding Fourier transformed image accordingly features several rings rather than a collection of separate spots. After an initial ligand displacement using 10 equivalents of BuNH 2 , however, the same PbSe QDs form a square-like supercrystal after PhNH 2 -triggering with considerably larger domain sizes, see Figure 6b . For the example shown, the Fourier transform of the entire image is a square-like lattice of individual spots, attesting the μm 2 -ordering of the superlattice (see also Figure S7 ). Again, high-resolution TEM images ( Figure   6d ) confirm the coherent, epitaxial ordering of the PbSe QDs in the square-like lattice. The quality of the QD epitaxy in such superstructures is expressed by an average neck width of 3.5 ± 0.06 nm and an average of 3.3 ± 0.07 necks per QD (see Figure S6 ).
To further demonstrate the large area homogeneity of the superlattice symmetry, we recorded a grazing incidence small angle X-ray scattering (GISAXS) pattern of a cubic PbSe QD superlattice deposited on a Si (100) We can thus index the three peaks as the {10}, {11} and {20} reflections of a square lattice and calculate the interparticle distance along the (10) direction as 2π/q 0 = 7.85nm. As the QDs touch each other along this direction, see Figure 6d , this distance indeed equals the QD diameter. To stress this agreement between GISAXS and TEM, we have drawn the QD diameter as determined from the GISAXS pattern as a white circle in the high-resolution TEM image (Figure 6d ).
Epitaxial PbS Superlattices
As mentioned before, we presumed that an important requirement for QD epitaxy is the formation of stoichiometric crystal facets. One would thus expect that the method of chemically triggering epitaxial connections by rendering nanocrystal facets stoichiometric also applies to PbS QDs. To assess this point, we applied our method to 7. 
Conclusion
We demonstrate that epitaxial quantum dot superlattices can be formed using additives such as Na 2 S or amines that render nanocrystal facets stoichiometric as chemical triggers.
In the case of amine-triggering, we find that the extent of ligand displacement translates into superlattices with a different symmetry with the more basic, strong displacers yielding pseudo-hexagonal lattices and the less basic, mild displacers giving close to square lattices.
The link between the type of amine and its ligand-displacement potency is confirmed by monitoring the displacement equilibrium using nuclear magentic resonance spectroscopy and by calculating the coordination enthalpy of the lead carboxylate complexes formed using 62 and basis set def2-SV(P). 63, 64 Relativistic effects were accounted for by employing the Suttgart RSC Segmented/ECP basis set with 60 core electrons on the Pb atoms. 65 All structures were optimized in the gas phase.
GISAXS measurements.
Samples for GISAXS measurements were prepared by stamping the PbSe QD superlattice on a clean Si (100) substrate of 10 x 15 mm. The GISAXS experiments were performed at the DUBBLE BM26B beamline at the ESRF synchrotron, Grenoble (France). The X-ray beam energy was set at 12 KeV by using a Si (111) doublecrystal monochromator. The beam size was 2.6 x 0.4 mm (H x V) at the exit of the beamline.
The X-ray grazing incidence angle was 0.3
• with respect to the plane of the sample. A continuous measurement of 60s was recorded by a Pilatus 1M detector placed at 4174 mm, a distance calculated by a silver behenate reference which allowed to calibrate the reciprocal q space. 
Supporting Information Available
Supporting Information shows TEM histograms of treated and untreated superlattices, the effect of BuNH 2 concentration on superlattice morphology, superlattices formed using different amines, a structural PbSe nanocrystal model to estimate facet areas, EDS spectra of oleate-capped and BuNH 2 treated superlattices, histograms of neck widths and amount of necks per QD for 3 different systems and an example of a large area epitaxially connected square lattice. This material is available free of charge via the Internet at http://pubs.acs.org/.
